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Abstract 

Using two-loop renormalization group equations implementing the decoupling of 
heavy scalars, Effective SUSY scenarios are studied in the limit in which there is 
a single low energy Higgs field. Gauge coupling unification is shown to hold with 
similar or better precision than in standard MSSM scenarios. h-T unification is 
examined, and Higgs masses are computed using the effective potential, includ- 
ing two-loop contributions from scalars. A 125 GeV Higgs is compatible with 
stops/sbottoms at around 300 GeV with non-imiversal boundary conditions at 
the scale of the heavy sparticles if some of the trilinear couplings at this scale take 
values of the order of 1-2 TeV; if more constrained boundary conditions inspired 
by msugra or gauge mediation are set at a higher scale, heavier colored sparticles 
are required in general. Finally, since the decoupled RG ffow for third-generation 
scalar masses departs very significantly from the MSSM DR one, tachyon bounds 
for light scalars are revisited and shown to be relaxed by up to a TeV or more. 
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1 Introduction 



Given the bounds that the LHC experiments are inducing in constrained or partly degen- 
erate parameter subspaces of the Minimal Supersymmetric Standard Model (MSSM) (see 
for example [l][2]), if Supersymmetry (SUSY) is realized in Nature and moreover solves the 
Hierarchy problem, it may involve a non-universal/hierarchical spectrum of superpartners. 
Among possible natural SUSY scenarios, Effective SUSY [3||4] is very compelling. These sce- 
narios have light fermion superpartners and light third-generation scalars, which is enough 
to render the Higgs sector natural. First and second generation scalars are heavy and may 
reach up to 20 TeV without spoiling naturalness, which in turn helps to solve the flavor 
problem via decoupling. 

The minimal Effective SUSY scenario solving the naturalness problem has as light third 
generation scalars only the left handed squark doublet and the right handed stop [5]. One 
may also have non-minimal scenarios, and perhaps the simplest to realize in models address- 
ing SUSY breaking is that in which all the third generation scalars remain light. 

Given the large hierarchies in the soft masses in Effective SUSY models, it has been 
pointed out [g] that perturbation theory using the MSSM DR RG equations will become 
problematic due to the appearance of large logarithms in the finite quantum corrections. 
This effect is particularly significant in the RG flow of the soft masses of the light third 
generation scalars. It is known that two-loop effects due to the heavy first and second 
generation scalars tend to drive the light soft masses to negative values [?]. However, the 
heavy sparticles also give rise to very large and positive finite corrections. Not only is the 
computation of the latter problematic when the tree-level value of the masses is tachyonic, 
but also the large size of these corrections puts into question the reliability of perturbation 
theory and the precision of the resulting values for the physical masses. 

All these problems stem from the use of an unphysical renormalization scheme such 
as DR, which does not implement the decoupling of heavy particles. A way out relies on 
obtaining the RG equations for the effective theories in which the heavy scalars are decoupled 
and then matching these theories with the MSSM at the scale of the heavy sparticles. The 
two-loop RG equations for Effective SUSY scenarios with heavy scalars decoupled and a 
single Higgs field at low energy have already been obtained in ref. |6]. 

The aim of this paper is to use the results of ref. [6| to perform a two-loop analysis 
of some basic properties of Effective SUSY scenarios with a Standard Model-like Higgs. 
Flavour mixing effects and complex phases are not taken into account. The topics addressed 
are gauge and Yukawa coupling unification, Higgs masses, fine-tuning estimates and bounds 
on soft masses obtained by demanding that there are no colored vacua. 

Regarding unification, it is known that the MSSM DR couplings at two-loops unify to 
great precision, of around 1-3%, requiring negative threshold corrections at the GUT scale for 
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the strong coupling [8|. In Split SUSY scenarios -in which all scalars of the MSSM are made 
heavy- a similar analysis using decoupled 2-loop RG flows shows that unification is improved 
over a range of scales for the heavy sparticles, requiring smaller threshold corrections [9]. 
It will be shown that Effective SUSY scenarios not only do not spoil the standard MSSM 
unification but may improve upon it: unification is typically achieved with a 1-2% accuracy, 
also requiring negative threshold corrections for at the GUT scale. In the case of b-r 
unification, necessary for some SU(5) GUT theories, it will be shown that it is hard to 
obtain in minimal Effective SUSY scenarios, but possible in nonminimal ones when nonzero 
sbottom mixing angles are present. 

Given the current strengthening evidence for a Higgs boson with mass around 125-126 



GeV 10, 11 , this paper presents computations of Higgs masses in Effective SUSY scenarios 
with a single Higgs field, relying on the two-loop RG equations as well as the one-loop effective 
potential supplemented by the two-loop contributions due to scalars. The results show that 
a 125 GeV Higgs is possible in these scenarios, even with stops/sbottoms around 300 GeV, 
if the boundary conditions at the scale of the heavy particles are non-universal and trilinear 
couplings at this scale get large, of the order of 1-2 TeV. If boundary conditions inspired by 
msugra or gauge mediation are imposed at higher scales, heavier stops are typically required. 
These results are qualitatively similar to those obtained in the MSSM without imposing an 



inverted hierarchy in the squark sector 12 16 ; the present analysis also contemplates the 



possibility of large a terms in the down sector, which may also give rise to a 125 GeV 
Higgs with light stops/sbottoms even with small or moderate values of a„; this signals 
that quantum corrections coming from the down sector can become relevant. Also, when 
using boundary conditions inspired by gauge mediation for the third generation scalars and 
gauginos (introducing separate scales for scalar and fermion masses), with zero trilinear 
couplings at the susy breaking scale, a 125 GeV is possible with stops/sbottoms around 
2-3 TeV, much lighter than the 10 TeV required in traditional gauge mediated scenarios 



with universal scalar masses for the three generations 16 . Fine-tuning estimates are also 
provided; it is shown that models with large a-terms and light stop/sbottoms have a fine- 
tuning of the order of one part in 200-300, if the measure of eq. ( |6.1 ) is used. 



Concerning colored vacua, as was mentioned earlier two-loop RG effects due to the heavy 
sparticles are known to drive the third generation soft masses towards tachyonic values. In 
the case of high-scale SUSY breaking, this usually produces tachyonic stops, while in the 
case of low scale SUSY breaking scenarios, such as models involving gauge mediation, it may 
give rise to tachyonic sleptons. Demanding no tachyons produces lower bounds for the third 
generation soft masses. As has been argued, the RG flow of the latter changes significantly 
after implementing decoupling, so that the bounds have to be revisited. It will be shown that 
taking into account the decoupling of heavy particles the bounds are relaxed by up to 900 
GeV in models of high scale SUSY breaking and 1.5 TeV in the case of low-scale breaking. 

The rest of the paper is organized as follows. Section [2] introduces the Lagrangians of the 
effective theories with the heavy sparticles decoupled, following ref. l6]. Gauge coupling and 
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b-T unification are analyzed in §§[3]and|4| respectively, ^is dedicated to Higgs masses, while 
tachyon bounds are treated in [|7j Three appendices are included. fA] explains the boundary 
conditions for the effective theories at the scale of the heavy scalars by matching the low 
energy couplings with those of the MSSM in a Higgs decoupling limit, taking into account 
threshold corrections due to the transition between MS and DR schemes. ^ summarizes the 
one-loop threshold corrections used at the scale of the top mass and at the lower Effective 
SUSY threshold at which the Standard Model couplings are matched with those of the 
Effective SUSY theories. Finally, ^ summarizes the computation of the effective potential 
including two-loop effects due to scalars. 

2 Low energy Lagrangians 

This section introduces the field content and Lagrangians of the minimal and nonminimal 
Effective SUSY scenarios described before. Throughout this paper, fermion fields are denoted 
with lower case letters, and scalars with upper case ones. 

2.1 Minimal Effective SUSY 

The low energy theory contains the Standard Model fields including the Higgs, gauginos, 
two higgsinos, the third generation left-handed squark doublet and the right handed stop of 
the MSSM. The field content is summarized in the next table. 
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As argued in ref. j6|, the Lagrangian can be taken without loss of generahty (assuming 
lepton number conservation) as 



^ 3 m 

^ =CsM- ^huhd+Zq.U''qjehu+ZujQehuu''j + ZdjQhdd'j + 2 X] X] ^^^kK 



3 m 

k=l A=l 

3 m 

k=l A=l 

3 m 



^k,s,s'D's''D''/ - mlQ^Q - mfjU'^^U'' - {a^QeHU' + c.c), 

k=l A=l 

jjkA _ s\rj.Ag_ ^2.1) 



In the expressions above, S denotes the scalar fields in the theory, and 'jk,s,s' = lk,s',s] j 
is summed over and runs over the three generations. Also, qjehu = q'je°'^h\^, (and similarly 
for the rest of the terms involving e), with a, 6 being SU(2) indices of the fundamental 
representation, and e^^ = 1. Given the transformation properties of the fields under the 
gauge groups, qh:, = gu^ = gu,.2 = l2,s,u = 'l3,H,s = 0. Moreover, in ref. [6j it was shown 
that some of the quartic couplings are redundant; some of them have already been eliminated 
in eq. (2.1), but one can impose as well 

l2,H,H = 13,Q,Q = 13,U,U = 0. 

The fact that the resulting 7's absorb other quartic couplings has to be taken into account 
when imposing SUSY boundary conditions at the scale of the heavy scalars; this is done in 
appendix [Aj 



2.2 Effective SUSY with a full generation of light scalars 

In this case the fields of the low energy theory are those in the previous sections plus a 
right-handed sbottom, a left-handed third-generation slepton doublet and a right handed 
stau, as summarized in the next table. 
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Without loss of generality, assuming lepton number conservation and eliminating redun- 
dant quartic couplings, the Lagrangian can be written as Ig] 



£ =^SM- \IJ'Khd + Zq-U^qjehu + Zu^QehuU^j + ZdjQhdd^j + Zq^.D^q^hd + zijE^ljhq 



+z,,Le]hd + ^ E E ^'^^^^ + E Y.^gH,H^T^X^K + guiHTiX^hd 

k=l A=l k=l A=l 

3 

+gE,,,E^'T^\^e'^) + c.c.} - ^ E E Iks^s'D^D'^^ - m^Q^Q - mlU^^U^ 



k=\ A=\ 

- mlD^^D" - mlL^L - mlE^^E^ - {auQeHU^ + caQH^D" + ciQH^E" 

+ A'g(gLt)(E'=t^c) ^ xUQeL){E'U') + c.c), (2.2) 

In this case, given the properties of the fields under gauge transformations, gn^ = gn* = 
9Uj,2 = 9Dj^2 = 9l,,3 = 9e,,2 = 9Ej,3 = 12,u/d/e,s = 73,h/l/e,s = 0; the notation and summing 
conventions are the same as in eq. (2.1). Again, some of the 'yk,s,s' are redundant and can 



be taken to zero; a possible choice is [6j 

'l2,H,H = l2,L,L = 'l3,Q,Q = l3,U,U = l3,D,D = 0. 

The resulting 7's absorb some of the other quartic couplings, which has to be taken into ac- 
count when imposing supersymmetric boundary conditions at the scale of the heavy scalars, 
as is explained in ^|Aj 



3 Gauge coupling unification 



In order to study gauge coupling unification, the two-loop RG equations for dimensionless 
parameters are run in three stages across two thresholds. Asm and A, marking the range of 
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validity of the effective theories in the previous section. The running ignores off-diagonal 



flavor contributions and phases. First, PDG Data 17 are used to compute the Standard 



Model gauge couplings in the MS scheme at the scale of the Z boson's mass; next, they 



are evolved with the 2-loop SM RG equations 18 up to the scale of the top mass, using 
tree-level estimates for the initial values of the top and bottom Yukawas and a guessed 
value for the Higgs quartic coupling. At q = rrit, the values of yt and yb are recalculated 
from the pole masses of the quarks by applying QCD threshold corrections of order -see 
eqs. B.l| and B.2 The two-loop SM RG is continued up to the Effective SUSY threshold 



Asm, around a TeV. There the SM couplings are matched with the Effective SUSY ones, 
including one-loop threshold corrections for the Yukawa and gauge couplings, as explained 



in ^|B| see eqs. (B.3)-(B.6). Guess values are given to the rest of the parameters, which are 
evolved at two-loops till the MSSM threshold A, of the order of 10-20 TeV. At this scale, 
supersymmetric boundary conditions taking into account one-loop DR to MS conversion 



factors are enforced for the Yukawa and quartic couplings, as detailed in i.A.2 



Following this, the RG equations are run recursively up and down between nit and the 
MSSM threshold A, applying the appropriate boundary conditions at each endpoint and 
doing the correct matching for all couplings across the Effective SUSY threshold Asm, until 
convergence is achieved between the susy boundary conditions at the MSSM scale and the 
values obtained from the upwards RG evolution. In the end, couplings are matched across 
the MSSM threshold as described in ^jXjand the MSSM DR equations are run towards high 
scales. 

The free parameters are the two threshold scales, the Higgs mixing angle a entering the 
susy boundary condition^ from the relation 

H = cos aHu + sin aif], 

and the supersymmetric fermion and scalar masses and the mixing angles entering the thresh- 
old corrections for the gauge and Yukawa couplings. 

Fig. [T] shows an example of the running of the gauge couplings with scale in a nonmin- 
imal Effective SUSY scenario for cot a = 10, with the thresholds at 0.5 and 15 TeV, the 
supersymmetric fermions at around 0.5 TeV and the scalars at around 1 TeV. The couplings 
unify within 0.5% precision. 

In order to quantify the precision of unification and compare it with that in standard 
MSSM scenarios, one can define a threshold parameter eg as [s] 

93{qGUT) = fi'2(gGUT)(l + £5), (3.1) 

where Qgvt is the scale at which gi and g2 meet. Fig. |2] shows the values of in minimal 
Effective SUSY scenarios for different values of cot a and the gluino mass M3, as a function 



is related to the MSSM parameter f3 in the Higgs decoupUng Hmit by tan/3 ~ cot a, see ^ A.l 
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Figure 1: 2 loop running of the gauge couplings in a nonminimal Effective SUSY scenario, 
with thresholds at 0.5 and 15 TeV, tan/3 ~ cot a = 10. Fermions are assumed to lie around 
0.5 TeV, and scalars at 1 TeV. 



of fermion and scalar masses mp, ms which are used to set the values of the rest of the 
dimensionful parameters. Fig. [3] shows the corresponding results in the nonminimal scenario, 
when Crf, q are set to zero at the high scale. 

It is clear from figs. [2] and [3] that in the limit of small q, q the results are similar for both 
Effective SUSY scenarios, and the value of eg is mostly influenced by the mass of higgsinos 
and light gauginos. The values of eg are slightly lower than in standard MSSM scenarios, 
in which they are usually between —1% and —3% |8|. Concerning nonzero values of Crf,Q, 
they can give rise to positive values of eg due to large sbottom mixing angles enhancing the 



bottom Yukawa through the threshold corrections of eq. (B.6). In order to facilitate direct 
comparison, Fig.|4]shows the values of eg as a function of the lightest fermion mass parameters 
in the two Effective SUSY scenarios and in the standard MSSM case, obtained from scans 
in which cot a takes random values between 5 and 60, while the mass parameters entering 
threshold corrections are varied randomly in the following windows: IM2I between 200 
and 500 GeV, IM3I between 500 and 1500 GeV, and dimensionful scalar parameters between 
500 and 4500 GeV (allowing for negative values of the trilinear couplings). Note that, as 
anticipated, there are positive values of eg in nonminimal Effective SUSY scenarios, as well 
as in the standard MSSM. It should be noted that positive values of e become more seldom 
when rescaling the trilinear couplings in proportion to the corresponding Yukawas, as is 
usually done in the literature, so that much lower values of q or the MSSM coupling are 
probed, as in ref. (sl. For this reason Fig. lil includes MSSM results with a^, q set to zero at 



the high scale and focusing on the region e < 0.005 (See eq. (A.4) for the notation concerning 
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M3=600GeV, cotg=10 M3=l TeV, cotQr=10 




200 250 300 350 400 450 500 200 250 300 350 400 450 500 

m,(GeV) m,(GeV) 



Figure 2: Values of the unification scale threshold parameter eg in minimal Effective SUSY 
scenarios, for cot a = 10 and two choices of M3, in terms of a common fermion mass mp and 
a common scalar mass used to calculate threshold corrections. 



Af 3=600 GeV, cotg^lO ^3=! TeV, cotg^lO 




200 250 300 350 400 450 500 200 250 300 350 400 450 500 

(GeV) (GeV) 



Figure 3: Values of the unification scale threshold parameter eg in nonminimal Effective 
SUSY scenarios, for cot a = 10 and two choices of M3, in terms of a common fermion mass 
niF and a common scalar mass mg used to calculate threshold corrections, q were set to 
zero at the high scale. 

the MSSM trilinear couplings). 

Regarding uncertainties in the results, all the figures for eg were obtained using the central 
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value for ct^ = 0.1184(7), and changing within its error gives rise to changes in eg of around 
±0.0009. 




Figure 4: Values of the unification scale threshold parameter eg in minimal Effective SUSY 
scenarios (upper left), nonminimal ones (upper right), and "standard" MSSM scenarios with 
= at the high scale, focusing on the region e < 0.005 (lower left), and allowing for large 
sbottom mixing (lower right), as a function of the minimum mass scale of the fermionic 
superpartners. 



4 b-T unification 



After having solved the RG equations for the dimensionless parameters with appropriate 
boundary conditions at high and low scales as explained in the previous section, one may 
also look into the unification of the bottom and tau Yukawa couplings, which is necessary for 
SU(5)-type models in which a single Higgs field gives masses to the matter fields. Defining 
a threshold parameter for the bottom and tau Yukawas as 

^ ^ VbigGUT) - yAqGur) 

^ yAqGur) 

and performing scans for cot a between 5 and 60, IM2I between 200 and 500 GeV, IM3I 
between 500 and 1500 GeV, and dimensionful scalar parameters between 500 and 4500 GeV 
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(again allowing for negative values of the trilinear couplings), one obtains the results of 
Fig.m 




. r. - ■ 




• • (r.5 



*•. 




Figure 5: Upper left: Values of the unification scale threshold parameter in minimal 
Effective SUSY scenarios versus cot a. Upper right: versus the sbottom mixing angle Oj, 
in nonminimal scenarios. Bottom: ty versus 6b in "standard" MSSM scenarios. 



In minimal Effective SUSY scenarios, b-r unification seems challenging; the bottom and 
Yukawa couplings tend to cross at too small scales. In nonminimal scenarios, the range for 
possible values of is much larger, including zero, and similar to that in standard MSSM 
scenarios. The difference is due to the the nonzero sbottom mixing angle in the latter two 
cases, which greatly affects the threshold corrections for the bottom Yukawa (see eq. (B.6)). 
It should be pointed out however that the precision of the values of is rather small, mainly 
due to the errors in the bottom mass. All the figures for ey were obtained using the central 
values as = 0.1184(7) and the pole bottom quark mass mj, = 4:.7S~^^qy^. Changing them 
within their uncertainty gives rise to changes in ey of up to ±0.05 in the minimal Effective 
SUSY scenarios; the variations in the nonminimal Effective SUSY and standard MSSM 
scenarios can be much larger, up to ±0.27 and ±0.7, respectively. 
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5 Higgs masses at two loops 



The two-loop RG equations for the dimensionful parameters in Effective SUSY scenarios 
allow to calculate the particle spectrum. The Higgs boson is expected among the lightest 
particles, so that it becomes relevant to analyze the allowed values for its mass, more so 
given the current experimental hints for a 125-126 GeV particle. Another question worth 
studying is the degree of fine-tuning of possible Effective SUSY scenarios with a 125 GeV 
Higgs; this will be analyzed in the next section. 

The results for Higgs masses in Effective SUSY scenarios presented here have been com- 
puted by using the full one-loop effective potential plus two-loop scalar corrections. Some 
details about the effective potential are given in ^|C} The computation requires to solve RG 
equations including massive parameters; boundary conditions for these have to be set at a 
given scale, which is chosen as the cutoff scale A of the heavy sparticles. There is yet a 
subtlety, which is that requiring a successful electroweak symmetry giving rise to the correct 
Higgs vacuum expectation value imposes a constraint in the high scale parameters via the 
minimization condition for the effective potential; it was chosen to determine in terms 
of other massive parameters. 

The computation of the full RG flow in a manner consistent with electroweak symmetry 
breaking proceeds then as follows. First, the equations for the dimensionless couplings are 
integrated as explained in § |3} The massive parameters are then run down from their 
boundary values at the scale A till the lower Effective SUSY threshold Asm, using a guessed 
boundary value for rnjj. At the scale Asm, the minimization condition for the effective 
potential is used to solve for m'jj in terms of the other massive parameters, fixing the Higgs 
vacuum expectation value (VEV) at the value determined by the experiments. With this 
value of mfj, the RG equations are run upwards again, high scale boundary conditions 
imposed without modifying m|^, and the process is repeated until convergence between 
successive determinations of m'j^ at the lower threshold is achieved within a given tolerance. 
Again, flavour mixing effects and complex phases are ignored in the analysis. 

Several scans over the parameter spaces were performed in order to identify the allowed 
range for the Higgs mass. First, two-dimensional scans were done by fixing the fermion 
masses and varying the scalar soft parameters, assuming degeneracies of the latter at the 
high scale safe for a possible factor of ±1 for the trilinear couplings = ttlq = mfj); this 

was repeated for different values of cot a ~ tan /3. Fig. [6] shows the results of two of this scans 
for two different values of cot a in minimal Effective SUSY scenarios, with fermion masses 
fixed at 500 GeV at the high scale. Higgs mass contours are given in terms of the boundary 
value for the term at the high scale threshold of 15 TeV and the mass of the lightest colored 
scalar eigenvalue mr^. The latter was computed including one-loop self-energy corrections 



(adapted from ref. [8), see eqs. B.7 and (B.8)) at the lowest threshold, taken as 500 GeV. 



Fig. [7] shows the results of analogous computations in nonminimal Effective SUSY scenarios, 
assuming again common values for the scalar soft parameters at 15 TeV (up to a sign in the 



12 



trilinear coupling a„), and taking q = q = at the high scale. 



mf@15TeV=500GeV,cotQ-=10 m p @15 TeV=500 Ge V, cotff=40 




-4(X)0 -2000 2000 4000 -4000 -2000 2000 4000 

a @1 5Te V (Gc V) a ©1 5Tc V (Ge V) 



Figure 6: Higgs masses computed from the effective potential in minimal Effective SUSY 
scenarios for 2 different values of cot a, in terms of the high scale boundary value for 
and the lightest colored scalar eigenvalue. Fermion mass parameters were fixed at 500 GeV 
in the boundary; common boundary values for the scalar soft parameters were assumed, 
|a„p = m?Q = mfj. 

Figs. [6] and [T] suggest that a 125-126 GeV Higgs with light sbottom/stops requires large 
trilinear couplings of around 2-3 TeV, and that the lightest colored superpartners in this 
case sit around 1 TeV. However, those figures were obtained assuming degeneracy of the 
scalar soft parameters at 15 TeV. In order to get more general results, scans were performed 
assigning random values to all dimensionful parameters within predefined intervals: 200- 
1000 GeV for |Mi|, jMal, 200-1500 GeV for iMg], 500^-4500^ GeV^ for scalar soft masses 
squared, and 500-4500 GeV for the absolute value of the trilinear couplings, tan (3 was varied 
as well between 5 and 60. Fig. [8] shows the resulting Higgs masses in minimal Effective SUSY 
scenarios versus the trilinear coupling au and the mass of the lightest colored particle. Fig. |9] 
shows the corresponding results in nonminimal scenarios, plotted against the maximum size 
of the trilinear couplings a„, q, q at the high scale, against a„ alone and versus the mass of 
the lightest colored particle. The calculations confirm the need of large trilinear couplings 
(around 2 TeV) in typical scenarios in order to get a Higgs mass of 125 GeV; it is interesting 
to note that the first two plots in Fig. [9] suggest that one may have such a Higgs with small au 
when the other trilinears get large. Allowing for non-degeneracies between the soft masses 
at the high scale makes it possible to have a 125 GeV Higgs with stops/bottoms around 
300 GeV. In this region of parameter space, however, the uncertainty in the Higgs masses is 
higher, since the one-loop and two-loop results can differ in a couple of GeV; more comments 
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Figure 7: Higgs masses computed from the effective potential in nonminimal Effective 
SUSY scenarios for 4 different values of cot a, in terms of the high scale boundary value of 



a„, with |a„P 



m 



u 



mj-, = mj^ = m^, q = q = at the high scale. Fermion mass 



parameters were fixed at 500 GeV in the boundary. 



about the precision of the results will be given later. 
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Figure 8: Higgs mass versus the high scale value of the trilinear coupling (left), and the 
mass of the lightest colored scalar (right), in minimal Effective SUSY scenarios. 



To complete the survey of possible Higgs masses, it is worth to make contact with the 
usual MSSM calculations with msugra or gauge-mediated boundary conditions imposed at 
a scale As above the threshold A of the heavy superpartners. Of course, to account for 
an inverted hierarchy in the scalar superpartners, the usual boundary conditions have to 
be modified. These calculations require to integrate the RG equations across the Effective 
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Figure 9: Higgs mass in nonminimal Effective SUSY scenarios versus the maximum high 
scale value of the trilinear couplings au,Cd,ci (upper left), the high scale value of a„ (upper 
right) and the mass of the lightest colored scalar. 



SUSY-MSSM threshold and impose boundary conditions for the massive parameters at the 
scale As- The dimensionless couplings can be integrated up till the scale A as explained in 
§ [3j at this scale, the supersymmetric boundary conditions fix all the dimensionless MSSM 
parameters, which can then be continued up to A5. Regarding the massive parameters, the 
computation is done by modifying as follows the iterated procedure described earlier yield- 
ing the correct electroweak symmetry breaking. It was mentioned earlier that electroweak 
symmetry breaking in a single Higgs decoupling limit fixes in the Effective SUSY theory. 
This, in turn, demanding that heavy MSSM Higgs states have masses equal to A, determines 
, mjj and 5^ in terms of m|^, a, A, as explained in § A.l -see eq. (A. 2). The calculation 

These are 
which are evolved 
At this scale, elec- 



A.2 



starts by assigning guess values at the scale A to all massive MSSM parameters 
then matched with Effective SUSY parameters using the results of 
downwards until reaching the lowest Effective SUSY threshold Asm 
troweak symmetry breaking is imposed as explained earlier, which determines a new value 
of m'jj{AsM) ■ All parameters are evolved upwards again, matched across the threshold at 
A and evolved with the MSSM RG equations until reaching the scale Ag, where the desired 
boundary conditions are imposed. All parameters are then iteratively evolved up and down 
between the scales Asm and As, performing the correct matching at the intermediate scale 
A, until convergence is achieved between the results of successive determinations of mf^ at 
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the scale A^^vf- 



The following msugra-inspired boundary conditions, modified to make connection with 
Effective SUSY scenarios, were considered: 



minimal Effective SUSY 
;x = Ml = M2 = M3 = mp, 



m 



q/u/d/l/eii 



m 



g/u/d/l/e22 



m 



yt 



Vb 



mz 



nonminimal Effective SUSY 

= Ml = M2 = M3 = mp, 

^l/u/d/l/e22 = A^ 



2 2 

2 

^q/u/d/l/e^^ ■ 
au o,d 0.1 



(5.1: 



mz 



yt 



Vb 



yr 



with the trilinear couplings a^, ad, ai referring exclusively to the third generation. As ex- 
plained earlier, m|^^ , m|^^ and are not fixed at the high scale but obtained from the rest 
of parameters by demanding a correct electroweak symmetry breaking and Higgs decoupling 



GeV, 



limit. Fig. 10 shows the resulting Higgs masses after a scan over Impl between 200 and 1500 
nis between 3500 and 10000 GeV (large values of rus are needed to avoid tachyons, see 



§[7|), |ao| between and 20 TeV (to allow \ao{q ~ 15TeV)\ < 4500 GeV, as in the previous 
scans in the low energy Effective SUSY theories), A between 10 at 20 TeV, and cot a ~ tan /3 
taking values between 5 and 60. 
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Figure 10: Higgs masses versus the mass of the lightest colored scalar in minimal (left). 



and nonminimal (right) Effective SUSY scenarios with the boundary conditions of eq. (5.1). 



Boundary conditions inspired by gauge-mediation (at least for the light scalar and fermion 
masses) were also considered, 

minimal Effective SUSY nonminimal Effective SUSY 

Mi = gfAg, M, = gfAg, 

2 2 2 ^1 2 2 o\ 

'^q/u/d/l/eu ~ ^q/u/d/l/e22 ~ ^d/l/e^^ " Tfo? ' ^q/u/d/l/e-^^ " ^q/u/d/l/e22 ~ Tfo? ' ^^-^^ 

2 _ A2 ^4/^fc/-\ „• _ ^ „, ^2 _ a2 „4/-'A: 



^hs = ^hEkdtClii), i = q,u, m^gg = AlJ2k9tCh^J, 

a-u = o-d = 0,1 = 0, ttu = ad = ai = 0, 
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where A5 can be thought of as the SUSY breaking scale, and /x is taken as an extra parameter. 
Independent scales for gaugino and light squark masses were considered since the scale of R- 
symmetry breaking determining gaugino masses can be different from the scale determining 
squark masses in gauge-mediated models. A scan was performed over between 125 and 
250 TeV, |Ag| between 200 and 1600 GeV (taking /i = Mi at the high scale), A^ between 
500 and 4500 GeV and cot a ~ tan/3 between 5 and 60, with Fig. [TT] shows the resulting 
Higgs masses plotted against the mass of the lightest colored state. 



„ (GcV) m„ (GcV) 



135 



135 r 




* »••?'<»• 1.-? -iti' 'i- lZ -'i 



(GeV) r_ , : m - - (GeV) 



Figure 11: Higgs masses versus the mass of the lightest colored scalar in minimal (left). 



and nonminimal (right) Effective SUSY scenarios with the boundary conditions of eq. (5.2) 



In order to check the consistency of the results, it is possible to study the dependence 
with scale of the Higgs VEV obtained by minimizing the effective potential. Although in the 
calculations the Higgs VEV was fixed at its experimentally derived value when minimizing 
the potential at the lower Effective SUSY threshold -the minimization was used to solve for 
mjj instead of (H)- one may still use the resulting RG flow to evaluate the effective potential 
at another scale, keeping (H) arbitrary and finding the value corresponding to the minimum 
at that scale. Since the full effective potential is scale-independent, by using higher order 



corrections in the effective potential, the scale dependence of (H) should improve. Fig. 12 
shows that this is the case indeed: the two-loop scalar corrections included in the calculations 
of the effective potential do improve the scale dependence of (H) with respect to the one-loop 
result. 

Finally, in order to estimate the precision of the calculation, the effect of changing the 
value of as within its error or the difference between the one-loop value and the one inlcuding 
2 loop corrections due to scalars is in general less than half a GeV. The one-loop and two-loop 
result tend to differ more significantly for large trilinear couplings and very different values 
of rriQ and mfj,m'j-,, giving rise to light colored stops/sbottoms; in this case discrepancies 
can reach 3 GeV for lightest sbottoms around 300-400 GeV. It should also be noted that the 
calculations ignored thresholds corrections other than those due to a change of renormal- 
ization scheme at the scale A at which the effective theories are matched with the MSSM. 
The most important threshold contributions for the Higgs mass will be those of A, since the 
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Figure 12: Scale dependence of the Higgs VEV computed in a minimal Effective SUSY 
scenario (left) and a nonminimal one (right). The upper blue lines represent the results 
inlcuding two-loop effects due to scalars, while the lower purple lines were obtained with 
just the one-loop potential. In all cases it was required that the correct Higgs VEV was to 
be obtained at 1000 GeV. 



quartic coupling fixes the tree-level value of the mass. These threshold contributions can 
be obtained from the contributions of the scalars to the one- loop effective potential for the 
MSSM, upon substituting ~ cos aH, ~ sinaW. Neglecting the Higgs dependence 
of the mass matrices of the heavy charged and neutral Higgs fields (or choosing a scale to 
evaluate the effective potential in which their contribution vanishes) and ignoring the first 
and second generation Yukawas and trilinear couplings, one gets: 

S^nmES COS 2a' f 6^,^ log ^ + 6gt log ^ + 18^^ log 4^ + 18gt log 

SzOOtt^ \ q^ q^ 

+ H log 4^ + 2hgt log 4^ + <dgt log 4^ + 25^,2^ log 4^ + ?,gl log 4^ 
qz qz q2 qz qz 

+75gt log 4^ + 3gt log 4^ + 75g', log 4^ + 2Agt log 4^ + 2Agt log 4"^ 
qZ qZ qZ qZ qZ 

for nonminimal Effective SUSY scenarios and 



SXmEs =S\nmEs + q^qq^2 | {^vl + [gl - 5yl) cos2a)^log ^2 

2 



+ 4 {5yl + {3gf - hyl) cos 2a)' log ^ + {^gt + ?>Qglyl + 25 {gt - 2glyl + Qyf) 
- 2^yl [Zgl - hgl + lOy^) cos 2a + (9^7^ + 30^7^^^ ^ 25 {g\ - 2glyl 



+2y^ ) cos Aa) log 



q2 



for minimal ones. These corrections vanish in the limit in which the heavy soft masses are 
degenerate. In order to estimate the size of 5A, one may use the boundary conditions of 



18 



eqs. (5.1) and (5.2) and run down the soft masses till the threshold A of the heavy first 

ninimal seen 
6 TeV, mp 



and second generation sparticles. For example, in nonminimal scenarios, using the boundary 
conditions (5.1) with cot a = 10, A = 15 TeV, rris = 6 TeV, rriF = 1 TeV, ap = at 10^^ 
GeV, the result is 6XnmES = ~7 ■ 10~^, and using (5.2) with cot a = 10, As = 200 TeV, 
Ag = 3 TeV, /i = Ag = 1 TeV, one gets SXnmES = ~1 " 10~^, corresponding to changes in the 
Higgs mass squared of = 25\v'^ ~ — 0.4GeV^ and — 0.06GeV^, respectively, which for 
a Higgs mass around 120 GeV imply shifts of -0.002 GeV or smaller. The same boundary 
conditions in minimal scenarios imply shifts in the Higgs mass of 0.001 GeV or smaller. 



6 Fine-tuning estimates 



A possible measure of fine-tuning A in a theory with a single Higgs field is the following. 



A 



dxi 



(6.i: 



where Xi designate the values of the dimensionful parameters in the theory at a high energy 
boundary, which for Effective SUSY scenarios will be taken as the scale A of the decoupled 
sparticles. 

In order to estimate fine-tuning in Effective SUSY scenarios, it was chosen to compute 
(if) from a simplified version of the one-loop effective potential, obtained by doing a series 
expansion in the Higgs field up to terms of mass dimension four, and ignoring the contri- 
butions of the fermion masses. The derivatives of {H) with respect to the high scale mass 
parameters were approximated as follows: in each case, the low scale dimensionful param- 
eters resulting from the RG flow were fitted to linear combinations of the boundary values 
(or their products and powers, as dictated by the corresponding mass dimensions). This 
produced approximate analytical expressions for {H) in terms of the high scale parameters 



that were used to compute A. Fig. [13] shows the results for the fine-tuning in associated with 
the nonminimal Effective SUSY scenarios that yield the Higgs masses of Fig. [7j The value 
of A within these approximations is not very sensitive to cot a, and the results for minimal 
scenarios are very similar. It can be concluded thus that effective SUSY scenarios with a 
126 GeV Higgs and trilinear couplings of the order of 3 TeV have a fine-tuning of the order 



of one part in 200, if the measure of eq. (6.1) is used. 



7 Revisiting tachyon bounds for third-generation scalars 



As explained in the introduction, heavy first and second generation scalars tend to drive the 
running soft masses of the third generation towards negative values, which gives rise to lower 
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ai»15TeV(GeV) 

Figure 13: Fine-tuning estimations in nonminimal Effective SUSY scenarios in terms of 
the high scale boundary value of a^j, with q = q = at the high scale and the lightest 
stop/sbottom eigenvalue. Fermion mass parameters were fixed at 500 GeV in the boundary; 
common boundary values for the scalar soft masses were assumed. 



bounds on the third generation masses at the susy breaking scale. This in turn implies a 
lower bound in the amount of fine-tuning of phenomenologically acceptable theories. Due 
to the large discrepancies between the RG flows of the MSSM in the DR scheme and the 
flows in the Effective theories obtained by decoupling the heavy particles, these bounds have 
to be revisited. To do so, the 2 loop RG equations were run between a SUSY breaking 
scale As and the lower Effective SUSY threshold Asm, performing the matching across the 
intermediate threshold A as explained in previous sections. Both the cases of high and low 
scale SUSY breaking were considered. 



In the case of high scale breaking, the boundary conditions of eq. (5.1) were considered 



It is known that in such case the RG drives m^^ to tachyonic values, which forces a lower 



bound in the high scale mass m<j of the light scalars. Fig. 14 shows the running soft masses 



in a nonminimal Effective SUSY scenario. Fig. 15 shows the bounds obtained in minimal 
and nonminimal Effective SUSY scenarios as a function of the high scale As versus the ones 
obtained with the MSSM RG equations, mp was taken as 1 TeV, A as 20 TeV and = 0. 
As anticipated, there are large differences of up to 900 GeV. 

As pertains to low scale susy breaking, similar calculations were done using the boundary 
conditions of eq. (5.2). In this case, the RG flow tends to drive mfj tachyonic in minimal 



Effective SUSY scenarios, while in nonminimal ones it is mj^ that tends to negative values. 

The minimal value of ttiqIAs) for which there are no negative soft 
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as can be seen in Fig. 

masses at the scale Asm (chosen as 500 GeV) is plotted against the scale As in Fig. [17| and 
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Figure 14: RG evolution for the soft masses in a nonminimal Effective SUSY scenario 



with the boundary conditions of eq. (5.1). On the right, the blue line represents the MSSM 



running mass, which becomes tachyonic, while the red line corresponds to the running mass 
in the theory with the heavy particles decoupled. 
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Figure 15: Minimum value of the scalar mass needed to avoid tachyonic soft masses at 
500 GeV in terms of the high scale As, in minimal (left) and nonminimal (right) Effective 



SUSY scenarios with the boundary conditions of eq. (5.1). The upper blue dotes correspond 



the the MSSM RG flow, and the lower ones to the flow implementing the decoupling the 
heavy particles. 



compared with the bound obtained with the MSSM RG equations. was taken as 1 TeV. 
As before, the difference between the bounds obtained with the MSSM DR RG equations 
and the decoupled flow is significant, between 600 and 1600 GeV. 
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Figure 16: RG evolution for the soft masses in a nonminimal Effective SUSY scenario 



with the boundary conditions of eq. (5.2). On the right, the blue line represents the MSSM 



running mass, which becomes tachyonic, while the red line corresponds to the running mass 
in the theory with the heavy particles decoupled. 
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Figure 17: Left: Minimum value of the scalar mass m'^As) needed to avoid tachyonic 
soft masses at 500 GeV in terms of the high scale As, in minimal (left) and nonminimal 



(right) Effective SUSY scenarios with the boundary conditions of eq. (5.2). The upper blue 



dotes correspond the the MSSM RG flow, and the lower ones to the flow implementing the 
decoupling the heavy particles. 



8 Conclusions 



This paper has examined some basic phenomenological aspects of Effective SUSY scenarios 
with a single Higgs field at low energies by using an approach that takes into account the 
decoupling of heavy sparticles. Two types of Effective SUSY scenarios were considered: the 
minimal one, in which the only light third generation scalars are the two stop states and 
the left-handed sbottom, and a nonminimal scenario in which all third generation scalars 
are light. The two-loop renormalization group equations obtained in ref. Ig] were used below 



the scales of the heavy sparticles, and the well known MSSM DR RG equations 19 above 
it; various one-loop threshold effects were included in the analysis. The aspects that were 
studied are: gauge coupling and b-r unification, Higgs masses, fine-tuning and tachyon 
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bounds. The results can be summarized as follows: 



Gauge coupling unification at two loops in Effective SUSY scenarios is not spoiled by 
the large hierarchies in the scalar masses; it typically holds within a precision better than 
2%, which is similar to or better than the 3% or less accuracy corresponding to standard 
MSSM scenarios -see fig. m Most of the Effective SUSY realizat ions yield a negative value 
for the GUT scale threshold parameter eg of eq. (3.1 ), though in nonminimal scenarios large 



trilinear couplings Cd, Q can give rise to positive values of eg resulting from large sbottom 
mixing angles affecting the threshold corrections to the bottom Yukawa coupling. 

Concerning b-T unification, it seems hard to achieve in minimal Effective SUSY scenarios, 
where threshold corrections of around 20% would be needed; the Yukawa couplings tend to 
meet at scales far below the gauge coupling unification scale. A different situation holds 
in nonminimal Effective SUSY scenarios; again, the effect of the trilinear couplings q, q is 
important, and nonzero sbottom mixing angles allow the yb and 1/^- too meet at the gauge 
coupling unification scale (see Fig. [sj. 

Higgs masses were also computed using the two-loop Renormalization group equations 
together with the full one-loop effective potential supplemented with the two-loop contribu- 
tions due to scalars. A 125 GeV Higgs with third generation squarks below 5 TeV requires 
in general large trilinear couplings, of the order of 2 TeV (see figs. [8]and|9|. Nonminimal 
scenarios allow for a wider spread in Higgs masses, which signals that the effects of couplings 
in the down sector (particularly trilinear couplings) can become important. In order to have 
a 125 GeV Higgs correlated with light colored scalars (at around 300 GeV or even below), 
non-universal boundary conditions for the soft masses and trilinear couplings at the scale 
of the heavy sparticles are preferred. Imposing boundary conditions inspired by msugra or 
gauge mediation (but adapted to Effective SUSY scenarios) at a scale higher than that of the 
heavy sparticles, getting a 125 GeV Higgs requires in general heavier stops/sbottoms (see 



figs. 10 and 11), particularly with gauge mediated third generation soft masses and zero a- 
terms, for which the lightest third generation scalar has to be above ~ 2 TeV in nonminimal 
Effective SUSY scenarios and above ~ 3 TeV in minimal ones -this bound is, however, much 



lower than in traditional gauge mediated scenarios, for which it lies around 10 TeV |16|. 

Fine-tuning in Effective SUSY scenarios was also estimated with respect to the boundary 
conditions at the scale of the heavy sparticles, and shown to be of the order of one part in 
two or three hundred in regions of parameter space with large and light stop/sbottoms. 



if the measure of eq. (6.1) is used. 



Finally, it was shown that there are significant discrepancies between the MSSM DR 
running of the soft masses and their renormalization group evolution under the beta functions 



implementing decoupling (see figs. 14 and 16). In particular, tachyon bounds caused by the 



large negative contributions of the heavy scalars to the evolution of the third generation soft 
masses towards low scales can be relaxed by up to 900 GeV in models with high scale SUSY 



breaking with the boundary conditions of eq. (5.1) and up to 1.5 TeV or more in models of 
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low scale SUSY breaking with the boundary conditions of eq. (5.2) (see figs. 



15 



and 



17). 
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A High scale matching 



In this section, the MS couphngs of the low energy effective theories are matched at the scale 
of the heavy heavy scalars with the MSSM couplings in the SUSY-preserving DR scheme, 
in the decoupling limit with a single Standard Model-like Higgs. One-loop factors due to 



the change of scheme are included, and they are obtained from the formulae of ref. 20 



Additional one-loop thresholds for the gauge couplings due to integrating out fields across 



the Effective SUSY-MSSM threshold are also taken into account, following ref. 21 



A.l MSSM Higgs decoupling limit 

The Effective SUSY theories considered in this paper have a single, Standard-Model like 
Higgs field at low energies, and therefore have to be matched with the MSSM in a Higgs 
decoupling limit. Consider integrating out a heavy Higgs field in the MSSM. The quadratic 
pieces in the MSSM Higgs potential read 

Vmssm D (/i^ + m]j^)\Hu\^ + (/i^ + m]j^)\Hd\^ - {B^HuHd + c.c). 

Ignoring Higgs VEVs and phases, this yields a mass matrix with eigenvalues 

and a mixing angle a 

H = cos aHu + sin aH\, 1 , 23^ 



TTt I tana= , . (A.l) 

H = sm aHu - cos aH^, J ^2^^ _ ^2^^ ^ + (m^,^ - m2,J2 

The light field H is identified with the Higgs field in the Effective SUSY scenarios con- 
sidered in the paper. Imposing that the heavy eigenvalue is equal to the scale A of the heavy 
scalars (the cutoff of the effective theories) one can get the following identities relating the 
MSSM parameters i?^,m^^,m|^^ with the effective theory parameters A,m^,a {a can be 
considered as a parameter in the low energy effective theory since it will enter the boundary 



conditions at the scale A, as will be seen in § A. 2): 



2 mjj + A^ tan^ a 
1 + tan^ a 

=A^ cos^ a + mjj sin^ a, (A. 2) 

=(A^ — mjj) cos a sin a. 

In the decoupling limit, the VEV of the very massive field "H should be stabilized at zero. 

{Hu) 
{Hi) 

sin(a + /3) = 1, (A.3) 



Using eq. (A.l) and demanding {H) = 0, one can relate /3 = arctan with a: 
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which is precisely the condition in the MSSM that guarantees a Standard Model Higgs 
decoupling limit. This allows to match all the parameters in the Higgs sector across the 
Effective SUSY-MSSM threshold. The boundary conditions for the rest of the parameters 
are analyzed in the following sections. 



A. 2 Boundary conditions - matching of couplings 

Supersymmetry relates the scalar-gaugino-fermion couplings to the gauge couplings, and it 
also establishes a relationship between the quartic couplings and the gauge and Yukawa 
couplings. These relations should be imposed as boundary conditions at the cutoff scale of 
the decoupled Effective SUSY theories. There is yet a subtlety: the SUSY relations hold in 
a SUSY preserving renormalization scheme, such as DR, while the RG equations of the low- 
energy theories have been obtained in an MS scheme. Therefore, the boundary conditions 
have to include one-loop conversion factors between both schemes. 

In principle, one could consider additional thresholds for the gauge couplings coming from 



integrating out heavy fields 21 , but these vanish if all the heavy particles are degenerate 
and the threshold sits at the scale of their mass. They will thus be neglected at the MSSM 
matching scale, though they will be considered at the electroweak scale. 

In order to compare the quartic couplings in the MSSM with those in the Lagrangians 



of eq. (2.1) and (2.2), it is useful to use the expressions in ref. [6] that specify how to 
absorb redundant couplings into the chosen set of independent couplings of the low energy 
Lagrangians. Here the final results will be provided. In the following formulae, the MSSM 
DR couplings will be denoted with tildes, and the Effective SUSY ones without them. The 
matching formulae below are understood to be evaluated at the scale A of the heavy scalars. 
The boundary conditions neglect flavour-mixing effects. 



9k=~9k{l-^C{Gk)], k = 1,2,3, 



967r^ 



1 / S 2 ^2 ^2 



l/.=sin/3y,(l + — ^-,3-^^,-^^! 

yt=COsPy, [1+ [ g.^- g^- g^ 



, ~ I . 1/^ 4 2 3 2 1-2 

^.=5.3^.(1 + ^(-3^3 + 2^2-^^! 



, ~ I. 1 4 2 3 2 23 2 
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I. ,H,H -[-^ + 92 j COS {2a) , 

3(75^2^ + ^3^) ,3^2 \ ^ a(~^ 2 , ~2 • 2 \ 

li,H,Q = 1^^^^^^^ + -^91 cos(2a) + 6 [y^ cos a + sm a) , 

li,H,u - cos^ a + cos(2q;), 
7i,i/,i3 = - + cos(2q;) + 6yl sin^ a, 
7i,//,L= i^^^^^j^ + 5^1 cos(2a) - 2y^ sm a, 

7i,Jf,E = - + cos(2a) + 2yl sin^ a, 

_3#i' , ^ _ 2 333^~i^ + 675^-2^ + 9^ + Q9~i' (l355~2' + 9^) 
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72,H,Q = - - COS a + cos(2a) + 2y^ sin a, 
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Concerning dimensionful scalar couplings, the change of scheme only affects the fermion 
masses, such that 

=M, (^1 + ^dGk)^ , = 1, 2, 3, 



^=^<'+16^U'^ + 20^^ 
In the previous formulae, C{Gk) denotes the adjoint Casimir of the group k, e.g. C{G2) = 2. 

The rest of the parameters are equivalent in the two schemes (at least at one-loop order) 
but the parameterizations of the triple scalar couplings in the MSSM and the low energies 
theories is different. In the MSSM, these couplings receive contributions from both /i and 
the a-terms, while in the Effective SUSY scenarios they are parameterized simply by a„, Cd, 



ci in the Lagrangians of eqs. (2.1) and (2.2). The matching is as follows 

a„ = cos acLu + sin ac^ + jl sin ayt, 
Cd = cos add + sin add + cos ayh, 
ci = cos aci + sin aai + jl cos ay,-, 

where the MSSM a-terms are parameterized as 

Cmssm D - KQtHuU' - hdQHdD' - diLHdE' - CuQtH\W - CdQHlW - ciLHIE' 

+ C.C. (A.4) 
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B Low scale threshold corrections 



This appendix summarizes the low-energy one-loop thresholds considered in the calculations 
presented in the paper. First, the top and bottom Yukawas are computed from the top and 



bottom pole masses by including order a QCD corrections 22 
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where mt{q) = yt{q)v,mb{q) = yb{q)v are the MS scale-dependent tree-level masses. The 

2-1-0.20 

.07 



values used for the quark pole masses are = 172.9 ± 0.6 ± 0.9, mi, = 4.78^ 
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At the lower Effective SUSY threshold, one-loop corrections for the gauge couplings and 
Yukawas are considered. Denoting the Standard Model couplings as Qi and the couplings in 
the minimal and nonminimal Effective SUSY scenarios as g^, Qi , respectively, the following 



matching equations apply for the gauge couplings, obtained from the results of ref. 21 
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Concerning the top and bottom Yukawa couplings, threshold corrections can be obtained 
by adapting to the Effective SUSY scenarios the results of ref. jsj for the MSSM. In the 
approximation that neglects contributions other than those coming from stops and gluinos, 
the following matching relations are applied to the Yukawa couplings at the Standard Model- 
Effective SUSY threshold -again, we use tildes for the minimal Effective SUSY scenario, hats 
for the nonminimal one, and normal notation for the Standard Model: 

Vt =yt + '-^T^ \ Bi(mg,mt^) + fiinig.mi^) - sm29t — {foifng,miJ - fo(rng,miJ) 

yi,=yb+'-^^^himg,mi), (B.5) 
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(B.6) 

In the previous formulae, fng,7hg denote gluino masses; mi^^rfii^^ffii are the two stop mass 
eigenvalues (m^^ being the heaviest) and the sbottom mass in the minimal Effective SUSY 
scenario, and m^^, rhi_ stand for the top/sbottom masses in the nonminimal case. The formu- 

6t, 6t and are the stop and sbottom mixing angles 



lae for the masses are provided in ^ 
in the different scenarios, given by 



24a„v 

tan 2^, 



12(m^ - ml) + t;2 (7i,//,q + ^1i,h,u - ^12,h,q) 

and similarly for tan26't changing bars with hats, and 

24cdW 



tan 



12(m|, - w?q) + t;2 (27i,H,D - 1i,h,q - ^2,h,q) ' 
The functions /o and /i are /o(?^i,^2) = Bq{0, 1711,1712), fi{rni,m2) = -Bi(0, mi, 7722), with 



the functions Bq and Bi given in eq. (B.9) 



In §|5| Higgs masses are plotted against physical stop/sbottom masses. The Higgs masses 
are obtained from the effective potential, whose computation is summarized in § [C} while 
the third generation squark masses are calculated by taking into account one-loop self- 
energy corrections. These are obtained by using again the MSSM results of ref. [8] in the 
approximation that neglects gi,g2, the Yukawas of the first two generations, light quark 
masses and the mixing of charginos and neutralinos; to adapt the results for Effective SUSY 
scenarios, the terms involving the heavy Higgs states in the MSSM are dropped and the 
MSSM Yukawas are appropriately matched with the Effective SUSY ones. This gives the 
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following expressions for the physical stop mass-matrix A^^, valid for both minimal and 
nonminimal Effective SUSY scenarios (so that one can omit bars and hats). 



Ml=Ml + 



(B.7) 



AMIl = 1^ {2m| [cos^ 9tBi{mi^, 171^^,0) + sin^ ^t5i(m,-^, m,-^, 0)] + Ao{mg) + Ao{mt) 
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{2m| [sin^ 9tBi{m^^,mt^,0) + cos^ 6't5i(mt-2, m^-^, 0)] + v4o(mg) + Ao{mt) 



r,2 



(m| -m^ -m2)5o(0,mg,mt)} - [cos^ MoK-J + ^oK) - 4Ao(/i)] 



327r2 
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167r 



{ytfi cos/3 + a„ sin /3)^So(0, m^, 0), 



In the formulae above, m^^ and m^^ the heavy and light tree-level stop eigenvalues, 
respectively, and is the average of the sbottom eigenvalues -or the single sbottom mass 
in minimal scenarios. Also, yt = Vt/ cos a, jjb = Vb/ sin a, clu = dul cos a — /lyttana, = 



Cd/ sin a — fiyb cot a; it should be recalled that, according to eq. (A.3), sin a = cos/3. The 



functions Aq, Bq, Bi, A and at a renormalization scale q are given by 



Ao(m) =m I 1 — lo; 



m 



Bo{p, mi, ma) = - log ^ - /ij(x+) - 
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— m\ + m\ ± a/ {p^ — + mf )^ — Ap'^{ml — ie) 

=log(l -x) -xlog(l -x"^) - 1, 

Bi{p, 1711,1712) =-^(v4o(m2) -v4o(mi) + {p^ + ml - ml)Bo{p,mi,m2)). 
Ip^ 

k{Q, P) = i 2mt cos /3 cos 9 — ( yU sin /3 — cos /3 ) sin 6^ ) + ( /i sin /3 — cos P ) sin^ 6*, 

V V Vt J J \ yt J 

VL{6, P) =2mf cos^ P sin 26t — 2mt cos /3 ( /i sin /3 — cos /3 

V Vt 

The formulae for the sbottom mass matrix in the nonminimal Effective SUSY case can be 
obtained from the above expressions by doing the substitutions rrit ^ m^, yt ^ ijb, P ^ 
7r/2 — P, ttu cLd] the minimal case can be recovered from the LL element by setting the 
mixing angle 6*^ to — |. 



C Effective potential 

The Higgs mass is calculated from the effective potential in the MS scheme. The full one-loop 
contribution is taken into account, as well as two-loop contributions coming from diagrams 



involving scalar fields. Following ref. 23 



167r2 ^ (167r2)2'^^ ' 

where the one-loop contribution is given in terms of the tree-level mass-squared eigenvalues 
of fermions, real scalars and vector fields in a given background as 

i j k 

while the 2-loop contribution due to scalars can be expressed as 

y{2) _y{2) y{2) 

~^SSS ^ ^SS ' 



Vsss =j7;i^'ijkffsss{mli, ml J, mlj^), 



^(2) —JlM' ^2^ _2 _2 
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^ss =^i^'iijjy fss{mli,mlj), 
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where the indices are summed over, and the couplings ^'ijk,Kjki trilinear and 

quartic couplings of the Lagrangian written in terms of real scalars and evaluated on a given 
background, in the basis {5"} on which the mass matrices in the background are diagonal. 

— s \ ' c' o' \ ' o' o' o' o' 



The tree-level mass matrices for supersymmetric fermion and scalars in the normal in 
teraction basis for the nonminimal Effective SUSY scenario are given next. Let tp^ = 
(|(-^2 + ^-^i); Ki)i''P+ — (i(-^2 ~ '^'^2)5 ~^u) designate the chargino fields, ipo = h^, X^, Ai 
the neutralinos, = (Ul, Ur) the stops -with Ur = in the notation of the tables in ^ 
etc. Writing the mass terms in the Lagrangian as 



CD- -M3A3A3 - V+Mf,+V'- - VoMir,oV'0 + C.C. - ^IjMI^^u - ^*dMId^D - KMlr^r 



then one has 
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The mass matrices in the minimal Effective SUSY scenario are as above for the fermions 



and the stops, while in the case of the sbottom the mass matrix of eq. (C.2) collapses into 
its (1,1) element. 



The couplings Kjk^Kjki ^l- (C-l) can be obtained from the Lagrangians in § |2] by 



expressing them in terms of real scalar fields and going to the basis on which the mass 
matrices are diagonal. 
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